Abstract: A series of solution processable, wide band-gap host materials composed of carbazole and tetraphenylsilane groups were designed and synthesized. Their thermal, electrochemical, and photophysical properties were fully investigated. The introduction of bulky tetraphenylsilane and tert-butyl groups around the carbazole led to high glass transition temperatures (T g ) between 120 and 204
Introduction
Phosphorescent organic light emitting diodes (PhOLEDs) have attracted great attention because of their ability to reach nearly 100% internal quantum efficiency by using both singlet (25%) and triplet (75%) excitons.
1−3
In order to prevent triplet-triplet annihilation and concentration quenching, which have hindering effects on device efficiency, phosphorescent emitters should be doped in a suitable host material. 4, 5 However, the design of the host material is very important and several requirements should be met: i) the triplet energy of the host material should be higher than that of the phosphorescent emitter to prevent exothermic energy transfer from the emissive dopant to the host material, 6 ii) the glass transition temperature of the host material should be high for good film-forming properties, 7, 8 iii) the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels of the host material and the phosphorescent emitter should be appropriate for efficient energy transfer, 9,10 and iv) the host material should have good charge transporting properties.
A carbazole group containing 4,4 ′ -bis(n -carbazolyl)-1,1 ′ -biphenyl (CBP) host material is widely used as the host material for PhOLED applications, but the triplet energy of the CBP (E T = 2.56 eV) is lower than that of the blue phosphorescent FIrpic (E T = 2.65 eV), which hampers device efficiency due to back * Correspondence: canan.varlikli@ege.edu.tr, onerilker@gmail.com energy transfer. 6 Several studies have been conducted on the modification of CBP for increasing triplet energy and glass transition temperature. 11, 12 These studies are mainly focused on decreasing the conjugation between the carbazole groups by creating a twisted structure and/or introduction of a nonconjugated linkage such as diphenylether, tetraphenylsilane, or sp 3 hybridized carbon atoms between the molecular entities. 13−19 Among these, tetraphenysilane-based host materials have been widely used in OLED applications because of their high triplet energy and high glass transition temperature. 20, 21 The effective interruption of the π conjugation with the δ -Si structure ensures a high E T . Moreover, the bulky phenyl groups around the silicon atom increase the molecular weight and steric hindrance, providing high T g and better film-forming properties. However, most of the previously reported tetraphenysilane derivative host-based PhOLEDs have been fabricated by vacuum deposition method, 16, 22, 23 which is an expensive technique and not suitable for large area applications.
Only a few studies have been reported on solution-processable tetraphenylsilane-based host materials. 18, 19, 24 Furthermore, efficient, solution-processable, and high triplet energy host materials are still needed to be developed for low cost and simple coating techniques, such as spin coating and inkjet printing.
In this study, we prepared a series of tetraphenylsilane-bridged carbazole compounds named 9,9'-[(diphenylsilanediyl)bis(4,1-phenylene)]bis-9H-carbazole (DiCzSi), 9,9'-[(diphenylsilanediyl)bis(4,1-phenylene)] bis(3,6-di-tert-butyl-9H-carbazole) (tBuDiCzSi), 9,9'-[(diphenylsilanediyl)bis(biphenyl-4',4-diyl)]bis-9H-carbazole (DiCzPhSi), and 9,9'-[(diphenylsilanediyl)bis(biphenyl-4',4-diyl)]bis(3,6-di-tert-butyl-9H-carbazole) (tBuDiCzPhSi). The combination of carbazole and tetraphenylsilane groups provided relatively high E T (> 2.6 eV) and high T g (≥ 120
• C). Additionally, good solubility of the synthesized materials in organic solvents allowed their utilization as hosts in solution-processed PhOLEDs. Blue and green light emitting devices are realized by using the synthesized host materials doped with FIrpic and Ir(ppy) 3 as the light emitting layer. The highest luminous and power efficiency values obtained by using FIrpic were 3.6 cd A −1 and 1.48 lm W −1 , respectively, whereas these values were 7.8 cd A −1 and 2.9 lm W −1 for the device structure when Ir(ppy) 3 was used as the guest.
Results and discussion

Synthesis
The synthetic route used to obtain the materials is shown in Scheme Firstly, 9H -carbazole (1) was alkylated by using the Friedel-Crafts method and 3,6-di-tert-butylcarbazole (2) was obtained. After that, bis(4-bromophenyl)(diphenyl)silane (3) was obtained by Li-halogen exchange reaction by using n -BuLi at -78
The Buchwald-Hartwig amination reaction of carbazole and 3,6-di-tert-butylcarbazole with molecule 3 in the presence of Pd(OAc) 2 , P(t-Bu) 3 , and K 2 CO 3 allowed us to obtain the target molecules DiCzSi and tBuDiCzSi. After that, both 9H -carbazole and 3,6-di-tert-butylcarbazole were reacted with 1-bromo-4-iodobenzene by Ullmann coupling in the presence of Cu, 18-crown-6, and K 2 CO 3 . The brominated derivatives (4 and 5) were then converted to boronic acids (6 and 7) by using n-BuLi and B(OMe) 3 . The Suzuki-Miyaura coupling reaction between the boronic acids and molecule 3 allowed us to obtain the target molecules DiCzPhSi and tBuDiCzPhSi.
The molecular structures of the intermediates and the target molecules were confirmed by FTIR, 1 H NMR, and 13 C NMR spectroscopy and the results were in good agreement with the proposed structures. Details of the synthetic routes followed are given in the supplementary (S) section together with the corresponding structural characterization spectra (Figures S1-S13; on the journal's website). Scheme. Molecular structures and the synthetic route for the synthesized materials.
DSC measurements
The thermal properties of the compounds were studied by differential scanning calorimetry (DSC) measurements. The first heating scan of the DSC thermograms revealed the melting points (T m ) of the compounds (Figure 1a) . T m values of DiCzSi and DiCzPhSi were determined as 290
• C and 285
• C, respectively. The introduction of tert-butyl groups to 3-and 6-positions of the carbazole greatly increased the melting point to 384
• C for tBuDiCzSi and no melting point was observed for tBuDiCzPhSi within the measurement scale (30-400
• C). During the second heating scan (Figure 1b) , weak endothermic transitions were observed, indicating the T g of the compounds, which increased with the increasing molecular weight. Among the compounds, DiCzSi has the lowest T g (120 • C), which is still much higher than that of the commonly used host material CBP (T g = 62 • C). 
Absorption-photoluminescence studies
The UV-Vis absorption and PL spectra of the compounds were measured in different solvents with different polarities (Figure 2 ). The maximum absorption peak at around 290 nm is identical for all compounds and can be assigned to the carbazole-centered n-π * transition and the absorption band between 310 and 350 nm is attributed to the π -π * transition of the entire conjugated system. 26 The optical band-gap [E g(opt) ] of the compounds was calculated from the onset of the UV-Vis absorption spectra, which is around 3.5 eV.
The PL spectra of DiCzSi and tBuDiCzSi are almost identical in CHCl 3 solvent, except that the introduction of the tert-butyl groups caused a red-shift of 7 nm for the latter. The PL spectrum of DiCzPhSi showed a significant red-shift (ca. 33 nm/in CHCl 3 solvent) compared to the DiCzSi counterpart, which is attributed to the extended π conjugation between the carbazole and tetraphenylsilane units. The PL spectrum of tBuDiCzPhSi also showed a red-shift (ca. 18 nm/in CHCl 3 solvent) compared to the DiCzPhSi counterpart, which is caused by the introduction of the electron-donating tert-butyl groups. There was no significant difference between the absorption spectra of the compounds, probably because the molecules were exposed to the same local environment in the ground and excited states. In contrast, the PL maxima of DiCzPhSi and tBuDiCzPhSi showed a bathocromic shift with increasing solvent polarity ( Figure 2 ). Actually, this was expected as the π character in those two compounds is dominant and therefore a solvent polarity increase would have a dramatic effect on the π *-π relaxation. A summary of the photophysical data is given in Table 1 . Host material Tm/Tg/Tc wavelength of the phosphorescence spectra measured in DCM at 77 K, d oxidation potentials were determined from the onset of the CV curves, e) HOMO energy levels were calculated from the onset of the oxidation potentials, e LUMO energy levels were deduced from the formula LUMO = HOMO + E g(opt), f E g(opt) were calculated from the onset of the absorption spectra in CHCl 3 solution.
The phosphorescence spectra of the materials were determined by low temperature (77 K) PL measurements in dichloromethane (DCM) (10 −5 M solutions). DiCzSi and tBuDiCzSi showed a new emission band with a maximum peak at around 415 nm, and the emission maximum shifted to ∼470 nm for DiCzPhSi and tBuDiCzPhSi ( Figure 3) . The E T values were estimated to be > 2.6 eV by taking the highest-energy peak of phosphorescence as the transition energy of T 1 → S 0 , which corresponded to the vibronic 0-0 transition between these two electronic states. 19, 27 The E T values of DiCzSi and tBuDiCzSi were calculated as 3.0 eV.
This value is higher than that of the blue phosphorescent emitter FIrpic (E T = 2.65 eV); this meant that they are suitable hosts for effectively confining the excitons on FIrpic dopant. 6 The addition of the -phenyl ring between the carbazole and tetraphenysilane groups caused a significant red-shift (ca. 54 nm) because of the extension of the π conjugation, resulting in lower triplet energy for DiCzPhSi and tBuDiCzPhSi (E T = 2.64 eV), which is close to the triplet energy of the green phosphorescent emitter Ir(ppy) 3 (E T = 2.4 eV). 4 Because of their suitable E T values, all synthesized host materials were used with the green emitter Ir(ppy) 3 , and the higher triplet energy host materials, DiCzSi and tBuDiCzSi, were used with the blue emitter FIrpic.
Electrochemical studies
The electrochemical behaviors of the compounds were determined by cyclic voltammetry (CV). All of the synthesized compounds showed reversible and/or nonreversible oxidation peaks because of the p-type carbazole groups, and no reduction peak within the electrochemical window (+2/-2 V) was detected. With regard to the energy level of the ferrocene reference (4.8 eV relative to the vacuum level), the HOMO energy levels were calculated by using the equation of E HOM O = -e (4.8 + E (ox) -E (F c) ) , in which E ox was taken from the onset of the oxidation potential. 28 As shown in Figure 4 , tBuDiCzSi and tBuDiCzPhSi showed E ox values of around 1.06 V that correspond to a HOMO energy level of -5.57 eV. DiCzSi and DiCzPhSi exhibited a nonreversible oxidation peak because of the instability of the radical cations of these carbazoles since the electro-active -3 and -6 positions may have undergone dimerization under the CV scan. 29, 30 The E ox values were around 1.2 V and HOMO energy levels were calculated as -5.69 eV and -5.67 eV for DiCzSi and DiCzPhSi, respectively. CV studies are also important to determine the electrochemical stability of the synthesized compounds, 31, 32 which has a significant importance in terms of device efficiency. 33 The consecutive CV scans (20 cycles) revealed that the tert-butyl group containing tBuDiCzSi and tBuDiCzPhSi were electrochemically stable and there was no new wave formation after continuous cycling ( Figure S13 ; on the journal's website). However, during the consecutive CV scans of DiCzSi and DiCzPhSi, the oxidation peak at around 1.2 eV disappeared and a new wave at around 0.8 eV appeared, due to the oxidation of the carbazole groups. 34 The LUMO energy levels were obtained by using the following equation: LUMO = HOMO + E g(opt.) , which was around -2.10 eV for all compounds. The electrochemical data are summarized in Table 1 .
Theoretical calculations
In order to understand the electronic states of the host molecules, density functionalized theory (DFT) calculations were performed by using Gaussian 09 C.01 software. 35 The geometry optimizations and frequency calculations were performed at the level of B3LYP/ cc-pVDZ (any imaginary frequency). Calculated energy values of density surfaces of the HOMO and LUMO are shown in Figure 5 and Table 2 . The triplet energy (E T ) of the compounds was calculated using time-dependent density functional theory (TD-DFT). The results revealed that the HOMO and LUMO electron density distributions of the synthesized materials are mainly localized on the carbazole and tetraphenylsilane fragments, respectively. 36 As shown in Figure 5 , the highly twisted configurations of the host molecules allow the separation of HOMO and LUMO, which is favorable for the efficient hole and electron transporting properties. 37 The calculated triplet energy levels were around 3.1 eV for the DiCzSi and tBuDiCzSi, which was consistent with the experimental results (3.0 eV). The E T of the DiCzPhSi and tBuDiCzPhSi were calculated as 3.03 eV and 2.98 eV, respectively. 
cd m
−2 to be the turn-on standard). Among the blue devices, the rise in the current density of device B1 might be due to a better hole or electron transport within the emitting layer, resulting in lower turn-on voltage.
The same phenomenon was also observed for green devices. The devices with nonsubstituted host materials (B1, G1, G3) showed higher driving voltages than those of the tert-butyl substituted derivatives (B2, G2, G4). The luminous and power efficiency versus current density of blue and green PhOLEDs is shown in Figure  7 . Among the blue emitting devices, device B1, which contains DiCzSi as the host material, showed higher luminous and power efficiency than did device B2, which contains tert-butyl substituted derivative (tBuDiCzSi).
Device B1 exhibited the highest luminous efficiency of 3.6 cd A −1 , the highest power efficiency of 1.48 lm W −1 , and a maximum brightness of 1324 cd m −2 . These results are in good agreement with the data reported by Hu et al. 22 On the other hand, for green PhOLEDs, device G3 showed higher luminous and power efficiency than did the other devices, with a maximum luminous efficiency of 7.8 cd A −1 , maximum power efficiency of 2.9 lm W −1 , and maximum brightness of 4237 cd m −2 . The EL performances of the devices are summarized in Table   4 . Although the introduction of tert-butyl groups increased the T g , electrochemical stability, and solubility of the synthesized compounds, the OLED devices with tert-butyl group containing host materials resulted in lower device efficiencies. The lower efficiency may be attributed to the constrained charge transport caused by the insulating effect of the tert-butyl groups. Electroluminescence (EL) spectra of the blue and green devices at 12 V are presented in Figure 8 . All of the devices showed blue and green emission spectra peaking at 475 nm and 510 nm, which originated from the emission of FIrpic and Ir(ppy) 3 , respectively, implying efficient energy transfer from host materials to dopant molecules. In summary, a series of tetraphenylsilane-bridged carbazole-based host molecules, DiCzSi, tBuDiCzSi, DiCzPhSi, and tBuDiCzPhSi, were synthesized and characterized. The high glass transition temperature (≥120 • C) and high triplet energy ( >2.6 eV) host materials were used for blue and green PhOLEDs. Ir(ppy) 3 emissive layers can be attributed to the good triplet energy level match between guest and host.
Experimental
Materials and instruments
Solvents were carefully dried and distilled from appropriate drying agents prior to use. All reactions were performed under a dry nitrogen atmosphere. Commercially available reagents were supplied from Aldrich and used without further purification. Poly (3,4- substrates with a sheet resistance of 9-15 Ω sq −1 were provided by LumTec.
1 H NMR and 13 C NMR spectra were measured on a Bruker 400 MHz spectrometer using tetramethylsilane (TMS) as an internal standard. The infrared (IR) spectra were obtained by using a PerkinElmer Spectrum BX-FTIR spectrophotometer. FAB-MASS measurements were carried out on a Finnigan MAT 95 mass spectrometer. UV-Vis, photoluminescence (PL), and phosphorescence emission spectra (77 K) were recorded by using Lambda 950 UV-Vis-NIR and FLS920P spectrophotometers, respectively. Electrochemical studies were carried out with a CH Instrument 660 B Model Electrochemical Workstation by using a three-electrode electrochemical cell configuration consisting of a glassy carbon working electrode, Pt wire auxiliary electrode, and a Ag wire reference electrode with ferrocene/ferrocenium (CP 2 Fe/CP 2 Fe + ) as the internal standard, and 0.1 M TBAPF 6 in CHCl 3 was used as the supporting electrolyte. Cyclic voltammograms were obtained at a scan rate of 100 mV s −1 and the oxidation potentials (E ox ) were determined from the onsets of the oxidation peaks.
Thermal properties of the materials were analyzed by the use of a PerkinElmer Pyris 6 DSC instrument.
The heating rate was 10 • C min −1 and the nitrogen flow rate was 10 mL min −1 . Solution-processed coatings were prepared using a Laurell WS-400B-6NPP-LITE spin coater. Film thicknesses were measured using an Ambios XP-1 high-resolution surface profiler. Electron transport layer and metal depositions were performed with a shadow mask using a vacuum evaporator attached to an MBRAUN 200B glovebox system. The EL spectra and L-V-J curves were obtained using a Keithley 2400 source measurement unit and calibrated Hamamatsu C9920-12 External Quantum Efficiency (EQE) measurement system.
Device fabrication and measurement
The OLEDs were fabricated in a structure of indium-tin oxide ( weighed into a 250-mL Schlenk and dissolved in THF (50 mL). The solution was cooled to -78 °C by using a dry ice/acetone mixture. N-butyllithium (n-BuLi, 2.5 M in hexane, 14.40 mmol, 5.76 mL) was added dropwise to the Schlenk using a syringe and the solution was stirred at -78 °C for 1 h. After that, dichloro(diphenyl)silane (5 mmol, 1.05 mL) was added to the Schlenk dropwise and the resultant solution was stirred at RT overnight. Water (50 mL) was added to the reaction mixture and the THF phase was extracted. The water phase was washed with DCM (50 mL), and the organic phases collected and dried 
